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A bstract. Dormant seeds from Fraxinus species require oold-temperature after-ripening
prior to germination. Earlier, we found that abscisic acid (ABA) will inhilbit germination of
excised nondormant embryos and that this can be reversed with a combination of gibberellic
acid and kinetin. Using Milborrow's quantitative "racemate dilution" method the ABA con-
centration in 3 types of Fraxinus seed and pericarp were determined. While ABA was present
in all tisisues, the highest concentration was found in the seed and, perioarp of dormant
F. americana. During the chililing treatment of F. americana the ABA levels decreased 37 N%
in the pericarp and 68 % in the seed. The ABA concentration of the seed of the nondormant
species, F. ornus, is as low as that found in F. americana seeds after cold treatment. Experi-
ments with exogenously adided ABA solutions indicate that it is unlikely that the ABA in the
pericarp functions in the regulation of seed dormancy. However, the ABA in the seed does
seem to have a regulatory role in germination.

Abscisic acid (ABA) (1) has been implicated
in the regulation of leaf abscission, senescence,
growth inhibition, and bud and seed dormancy. Up
to now most of the studies have dealt with effects of
exogenously added ABA. The few isolation studies
that have been reported do not permit a quantitative
correlation between endogenous ABA levels and a
change in the physiological state of the test plant.

WNe are studying physiological and biochemical
aspects of seed germination with dormant and non-
dormlant Fraxinus (ash) seeds. Villiers and \Vare-
ing (11) have slhown that the germination behavior
of excised embryos from this genus depends on their
previous hiistorv. Embryos from cold-temperature
after-ripened seeds will germinate rapidly when
placed in moist chambers at room temperature, while
those from untreated seeds show only very limited
germination during a 10 day period. In Fraxinits
excelsior L., germination of dormant embryos can
be indtuced either by leaching or with gibberellic
acid, GA3 (11). WVe found that we can prevent
germination in nondormant Fraxini(s antericana L.
aind Fraxinus ormus L. embryos with exogenously
added (RS)-ABA. Furthermore the ABA-induced
inhibition is partially reversedl by combinations of
GA, anid kinetini (9).

It is generally accepte(1 thiat resuilts obtained
e.xclusively witlh exogenously applied growth sub-
stances are insuifficienit to establish a regulatory role
for these substances in the intact organism. A mini-
mum requirement for such a role would be to show
the presence of the hormones in the intact plant and
to demonstrate a correlation between hormonal con-
centration levels and physiological states. With the
elegant "racemate dilution" method developed by
Miliborrow (7) it is now possible to obtain quantita-

tive values for the ABA concentration in plants.
With this procedure we have determined the
(S)-ABA levels in pericarp and seed before and
after cold-temperature after-ripening in F. americana
and in nondormant F. ornu(s. Attempts were also
made to evaluate the possible physiological signifi-
cance of the changes in the ABA levels to dormancy
regulation.

Experimental

Fraximus americana seeds grown in the United
States during the 1965 season and F. ornus seeds,
1963-64 crop imported from Italy were purchased
from F. W. Schumacher, Sandwich, Massachusetts.
F,xcised embryos from F. ornuts seeds germinated
well even without cold-temperature after-ripening.
For cold-temperature after-ripening, F. americana
samnaras (seeds witlh pericarps) were dusted with
Difolatan 80 wettable, Chevron Chemical Company.
Ortho Division. rinsed thoroughly after 24 hours
with sterile tap water and stored 3 months at 50
with moist vermiculite in polyethylene bags. (RS)-
ABA was prel)ared hy the lprocedtlre of Cornifortl
et al. (4).

Gerniitation of Entbryos. Seeds weire (lel)eri-
carl)ed bv hain(d and place(l iIlto tal)vater for 24
hours at roomii temperature. The embryos xve re
excised xvith a razor blade and placed oIn \Whatnian
No. 1 filter paper in 5 cm petri dishes. Ten enbryos
per dish and 1 ml solution consisting of test sub-
stances dissolved in 0.01 M potassium phosphate.
pH 6.0, were used. Triplicate plates were held at
220 in a laboratory where the light came through
large windows that faced north. The formation of
a curvature at the basal end was interpreted as at
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positive germination response. Following the recom-
mendation of Timson (10) we are reporting the
germination data as the sum of the daily percentage
of germination for a 10 day period starting at the
day of excisioni. Thlus, l() = 100() w\otuld mean
100 % germination during the first day. Chloro-
phvll content was determined spectrop)hotonletricallv
from acetone extracts (6).

QuantitatiVe Determtination of (,S) -Abscisic Acid.
WX"ith only mlinor moodificationis we tused the 'race-
mate-dilution"i metho(d as described bv Xfilborrow
(7). This procedure rests oni the fact that the
enantiom,orphs of ABA have extremely high optical
rotation at the 2 extrema in the U'V region; the
specific rotation is 69000°. A know-n amount of
(RS)-ABA is added to the plant material to be
analyzed and the ABA pturified tuntil a characteristic
ultraviolet cutrve can be observed. From thiis meas-
uremeint one obtains the total ABA recovered wlhile
the optical rotatory dispersion (ORD) curve vields
the amiount of ( S) -ABA isolated. The amount of
(S) -ABA in the original sample can be calculated
from the ratio of these 2 measturemiienits and the
known anmount of (RS)-ABA adde(d (7).

The (S)-ABA content of the following samples
were determiiined: dry pericarp frolmi F. anericana.
and F. oram us, 24 hour-imbibed seed from F. atneri-
catia and F. ornus that did not have anv low tem-
perature treatments, and pericarl) and seed from
F. amtericania that had been held at 5' for 3 montlhs.
Dry wevights were obtained fromz ali(utiots of each
sample by drying to conistanit wveight at 1100.

To a weighed quantity of pericarp or seeds a
known amllount of ( RS) -ABA was a(ldedl duiring the
extraction with 80 % mletlhaniol. Tlle etlher-soluible
acids wvere separated as dlescril)ed 1y AMilborrow (7).
Significant purification couild be obtained by use of
a charcoal column adapted fr-oml tlle lrocedure of
Ohkuma et al. (8), before thin layer cchromatography.

PHYSIOLOGY

Carbon (Darco G-60) and acid-washed Celite (1:2
by weight) were mixed in water and packed into a
10 mm column. The column was eluted stepwise
with 30 %, 40 %, 50 % 60 %, and 100 % aqueouis
acetone. Each of the eluting fractions consisted of
30 nil solvent per gram of charcoal. Bioassays with
wheat showed practically all of the growth inhibitorx
activity in the 50 % and 60 % acetone fractionis.
These wvere combined, the solvent separated at re-
duced pressure below 3(00, anid the residue applied to
TIXC plates uising the systems described 1b Mil-
borrow. Thin layer plates were -washed 3 times in
distilled ethanol and 2 times in distilled chloroform.
Extracts from F. aniericania seed and pericarp were
chromatographed twice; once in a -butanol-ni-propa-
nol -anmmonia-water (2:6:1:2 v/v-), a second time in
benzene-ethvl acetate-acetic acid (50 :5:2 v/v).
F. ornus extracts from both l)ericarp and seed coin-
taimed a larger amouint of tTUV absorbing material,
an'Id a thir(d chromatograplhic separation. agaill lusilng
the first solvent system, was necessary. After elnt-
tion of the ABA with 95 % ethaniol, the solvent wvas
evaporated tunder reduced pressure, the resi(duie takeni
upl in dilute acid andI the ABA extracted into ethel.
After evaporation of the ether, the residue w-as
dissolved in a known voluime of 0.005 M sulfuiric acid
in 95 % ethfanol and the UV and ORD spectra
obtained.

Results

During cold-temperatuire after-ripening the ability
of excised embryos of F. (aicricania seeds to germiii-
nate increases drastically- as indicated 1w- a rise of

n10 fromii 0 to 3(1 to 71)0 to 950, table 1. Embryos
from F. ornits wthile not recuirin1g prechilling of the
seeds do not germ,inate durl-inig the first 2 or 3 days
after excisionl and(l ther-efor-e theier 1() is usuiall\ not
above 750. lloweN er, in the presence of 1()p"

Table I. (S)-A.1scisic Acid (iontl7n/ of Sceds and JhricarPs of Fraxinlius amerjcana an(d Frixintis orniis

(ernihiatiolI
I)rv Ut as 10

(RS)-.-\B.-\ Total ABA (S)-ABA
a(l(led recov,ere(d3 recovered4

Total ( S)-A \
present in samplel

F. aminricana
Dormant see(l
Chilled see(l
Pericarp from
dormant samara
Pericarp) from
clhilled samiiara

F. (ornus
Seed
Pericarp

98 0-3(0 50 tkgl2(0 g2
51 700-950 30,ug/105 g2

90( 3() A,,1100( ~,2)

90 *.* 40,u (,-/90(9 -

89 750 50 ,u 00W-o2
90 ... 45 g/100lg2

,Aq,/.100( scd r
P! 8/Wl W //k'.A/I 11oIc)l's/4kq or? pt'rica(rs

44 28 45,) 1.7 1 1
22 4.6 15(O 0.6 3.3

29 201 739 2.8 24

21 11 4()0 1.8 15

22 f6.3 11 0.4 2.6
22 6.8 220 0.8 1.6

Calculated on dry Nveight hasis.
Fresh weight of sample.
Calculated from UV spectral data.
Calculated from ORD data.
Weight after drv ing in vacuum ov-er phosphorus pentoxide at room temperature.

Biological
niaterial
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GA3 germination takes place a day earlier and there-
fore leads to an increase in ;10 to about 850.

The relative sizes of pericarp, seed, excised
embryo before and after germination is seen in
figure 1. The pericarp accouints for 55 and 26 %
of the total weight of the F. amzericana and F. ornuts
samara respectively. The weight loss during cold-
temperature after-ripening of F. americana is 5 %
in the pericarp and 10 % in the depericarped seed.

The data in table I show that (S)-ABA is present
in the samaras of both Fra.rinuts species, is highest
in the dormant F. americana samaras, and decreases
during cold-temperature after-ripening. The most
strikin,g effect of the cold treatment is the decrease
of the ABA level in the seed of F. americana. OII
a dry weight basis this brings the ABA level of
cold-treated F. americana seeds into the same con-
centration range as that found in nondormant
F. ornus seeds. The decrease in the ABA level of
the F. americana pericarp during cold-temperature
after-ripeninig is less pronounced. It should also be
noted that on a dry weight basis the pericarp of both
species contain more ABA than the seed irrespective
of the state of dormancy.

In the last column of tabIle I the ABA concentra-
tioils are expressed as ABA per 1000 dry pericarps

or 1000 dry seeds. On this basis, F. americana
samaras contain 31 % of their ABA in the seed
before cold treatment but only 18 % afterwards.
\Vhen the ABA concentrations of seeds are com-
pared it is seen that dormant seeds from F. american(a
contain the largest amount. However, after cold-
temperature after-ripening the ABA level of seeds
from F. amiicricana is approximately as low as that
found in the seeds of F. ornus.

Before thle physiological relevance of these data
can be evaluated 2 questions must be answered.
Does the ABA in the pericarp play a role in seed
germination and is the decrease in ABA during
cold-temperature after-ripening of physiological sig-
nificance? iOur work to date leads us to conclude
that the ABA found in the pericarp of these 2 species
is probably of little significance to seed germination,
while the decrease in the ABA level of the seed
duiring cold-treatment may have physiological im-
portauice to germination.

If the ABA in the pericarp is to contribute to
seed dormancy it must diffuse through the seed coat
into the seed. However, we have been unable to
delay germination by substituting ABA soluitions
for pericarps. In these experiments a special ger-
mination procedure had to be used. This became

:. 1.k: ,:
..I.

i!
{:',i

12 34.,5
FIG. 1. Relative sizes of Fraxinus americana L. pericarp, seed and embryo before and after germination. 1) Intact

samara (seed enclosed in pericarp):< 2) Seed after 24 hour imbibition. 3) Embryo immediately after excision from
seed that had been imbibed 24 hours. 4) Germinated embryo, 24 to 48 houjrs after excision. 5) Ten da) old seedling
from excised embrvo.
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necessary when it was observed that excised non-
dorll.ant eilli-bros will germinate on wet filter paper
tlnless they are contintuouslv, exposed to an ABA
solutioni of the proper conicenitration. If the excised
embryos are placed on dry microscope slides in a
petri dishl which has wet filter paper below tile
m,icroscope slide it is 11o longer necessary to expose
them continuotNsl to ABA in order to prevent
germination. \V'hiile the embryos do not develop as
fully- i:nder these coilditions as wheni placed directly
on wet filter paper. curvature is interfered with
least. uTsing thi.s procedure we fouind( complete
sllpl)ression of germination whlenl excised nonidornlalnt
emlirvios were soaked for 24 hoturs in 10 te\i (RS)-
A BA anid theii l)laced into the mloist chambers. In
the Tbsence of exogenously added ( RS)-ABA
1lI - undtiicder these conditions. If, hovever, tile
intact seeds wvere soaked in (RS)-ABA soluitions.
alnd excised embryos from the seeds placed on
nicroscope slides ill moist chambers. 11o decrease inl
Y-10 was observed. This wvas truie even if tlle seeds
vere soaked in 100 ptIN (RS.)-ABA for 2 weeks at 5°.

In ordel- to determiiine the possillie significance of
the decrease in ( S)-ABA during cold-tenmperature
after-ripeninig. xe determinied the effects of ( RS)-
ABA on the gerimilation of embry-os excised froim
cold-treated seeds, table I1. The lowest concentra-
tion of (RS ) -ABA used, 0.9;5 M, gave substantial
inhibition of germinatioin. During cold-temperature
after-ripening the (S) -ABA level of F. amiericana
seeds drolpped 1.1 unmole/kg dry weiglht. Since
excised embryos have about a 50 % dry weight
content the decrease in (S)-ABA concentration ini
embryos is 0.55 unmole/kg fresh vw,eight if one
assumes tlliformii (listribution of ABA betweeni endo-
sperm aild emiibryo. Therefore, the decrease inl
(S)-ABA observ-ed( durinlg cold-treatnilelt of see(ds
is of the samiie ordler of magnitude as that reqIuired
for the partial ililibitioll of germination wNith exog-
enously applied ABA. It nlia thus be tentativelv
concluded tlhat the decrease in the ABA coIlcentra-
tioll ill 1. aioieCri ata seeds during cold-temperature
after-ripening is of pllvsiological signiificalnce to the
breaking of dormancV.

Discussion

There is substantial evidence. sunmlarized bv
Amiieil (2) that seed dormancy is controlled bv
hormoonal iinhibitor-lpromoter regulatioii. This 'ap-

Table IT. Effects(tJ] ( RS)-.-sciSic . -Icid 0n (;ermino-
tion, Gnrtwth, (mnd ChiorophhlI (o tten! oJf Andt)()rfnlafl/

Fraxinutis anlericana Embryo()s

Germination Fr wt Total chlororhliv l
(RS)-ABA as 10 increase content

,umole/l
0
0.95
3.80

wng/100 g fr wt
34
13
U

plies not only to suclh seeds as ash in wxhich trule
enibr-vo dorilancv is found but also to others, suich as

lettuIce, ill xv-hichl regulation of radicle protrusioni is
the onlix (ldorilranlc coiltrol. Ilust llox sigilificaiit a1
role al)scisic acid has in thils regulatioil is still not
clear. From our data it wvould appear that in F.
)a1iicr-ic(aiia seeds ABA does colitribtute to seed dor-

illnancv. High levels xvere found in the seed beforie
cold-temperature after-ripening. During the chilling
treatilleIlt the level in the seed dropped to the sanme
range as tilat found in nondormiiant I'. orn' (s. Tilis
(lecrease is believed to have pllvsiological signlificance
t(l (lormlianlcv ill F. amlerica(llna silice ( RS)-ABA at a

concentratioll of 0.95 M can reimpose a sulbstanltial
degree of dormancy. On the basis of the asstulp-
tiOllns oltlilled ill tlhe previous section. this is in the
canlle conlcenltration rang-e as tlhe AB.A lost during
thle ch1illing treatmllenlt. Nevertheless, it is lnot
claille(i tflat tile addition of ABA to noildol-illanit
emllllrvos reimpllloses trutie embl)ro dormllanlcy. T11lilbi-
tioil of -ermillilatioln of a ilonl(lorillailt iraximis
elmllr\o \wfith ( RS) -AW irequiires contitiniotis ex-
posuire to tilis sullbstance. Illis is nlot true of eml)rvos
frolm dormllant I. (amcreiclma Wllere little if tany
germillatioll occUils dlurilg L 10 day period. Thlls
xvould indicate tllat the decrease in (S) -ABA coli-
ceiltratioli is ilot the onlv difference betweenl a dor-
nlant and a nondormlant emlbrvo. A liuinber of
possible explianations for this difference cain he
suggested: 1) Differences in permeability or bind-
ing may be responsible for greater "leakage" of
ABA froml ilolndorlllailt enibrvos. 2) Tihe rate of
enzynmatic (lestructionl of ABA may be higher in
nonidorillailt tlhani ill (lorillalt embryos. 3) A de-
crease il .AB \ concentraltion x'\hile required may

ilOt be sufficienit for the breaking of (lorillalncy. Ior
exampilpe, tile lev-el of gro\\tli-accelerating lloriolles
niav liave to inicrease befo(re gerillinlatioll cani t.ake
place.

While tile relative plrolportionl of the ( S ) -ABA
presenlt in tile pericarip is (Iuite hIigil it seeills ti-
likely that it coltrlibutes to seed dorilailcv in tile
2 Fraxlinlus slpecies Nxve examllilled. The losses of
( S)-ABA in the plericarl) are smlall during the cold
treatilleilt; it Ilas beell imipossille to imlpose gerlllilla-
tioll inhiibitioil oil xxviole seeds x\henl t-iev are blatlled
inlligi concenltratiolis of .-\A'A aind thei-e is 11o clear
relation betxweeln tile APB.A level in the pericarp al- 1(l
tile pliysiolooical state of tile emlblryo. S inlce the
percentage of N8½ lost \\as significanitly greater iil
tile sees thlan in tile plericari) it is temip)tinlg to suiggest
tiat the loss ilnside the seed( i. dIie to enzyviiiatic
action \0l ile thliat in the pericarpl is caused prilmarily
in (liffli ion ilnto tlle nilloist \erillicul ite. IPossiblV
thei ftulnction (If the AVB\ in tie plericarl) is colillected
x\itil the regulatioll of seilesceilce or abscission.

A coimparisoin of our work witli that of others
indicates that a decrease in the ABA levels of seeds
duiring cold tenlperature after-ripening is not a

general conitrol mechanism for the breakling of dor-
illancx of seeds xxitil a cllilling requireiileilt. Pos-

960 279
540 101
210 23
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sibly the dormancy regulation in peach seeds comes
closest to that encountered in F. amtericana. Lipe
and Crane (5) concluded from chromatographic and
UV spectral data that the germination inhibitor in
peach seeds is ABA and interpret their bioassay as

indicating a decrease in the inhibitor concentration
during chilling. V'illiers and Wareing, on the other
hand, found that in F. excelsior the concentration of
inhibitor does not change during chilling but that
the level of accelerator increases (11). This report
was pulblished before ABA had been discovered but
judging fromii the chromiiatographic characteristics of
their inhibitor further work may show the material
to be ABA. The F. cxcelsior seeds dliffer fromii
P. amlericania in that the seed contains anl inimature
embryo whiclh requiires after-ripening niear 250 prior
to chilling, and leachinig of the excised emlbryo for
48 hours at room temiperature can replace the chilling
requirement. An exaninlation of dormant hazel
seeds (Corylius avellana L.) by Bardibeer (3) shlowed
that while the dormant seeds contain germination
inhibitors, ABA if at all present, accounts for less
than 1 % of the total inhibitory activity. Since
Anio 1618 prevented or delayed the onset of ger-
iruination it was suggested that the breaking of
dormancy during the cold-temperature after-ripening
may be attributed to the synthesis of gibberellin.
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